This investigation studied the effects of Ho 3+ and Er 3+ on the luminescence of the blue emitting phosphor yttrium silicate, (Y 1-m Ce m ) 2 SiO 5 . Yttrium silicate has a large emission tail that extends into the red portion of the visual spectrum. To improve the chromaticity of this phosphor to give it a more saturated blue color, the emission intensity of the tail needs to be decreased. Photoluminscence and low-voltage cathodoluminescence measurements were performed on yttrium silicate phosphors with varying concentrations of Gd 3+ , Ho 3+ and Er 3+ . It was found that when co-doping with Ho 3+ and Er 3+ , the relative intensity of the emission tail was decreased, but so to was the overall luminescence intensity of this phosphor.
Introduction
Flat panel field emission displays (FED's) are currently being developed and produced as the next generation of information displays. The most familiar displays, such as televisions and computer monitors, are known as cathode ray-tube (CRT) displays. The visible light emission from an FED or CRT arise from electron beam excitation of the luminescent material called a phosphor. However, unlike CRT's which have only one electron gun that rasters across a phosphor coated screen, FED's have hundreds of millions of 1 µm diameter electron emitter tips that are matrix addressed [1] . For each phosphor color, there are about nine thousand of these emitters that bombard the phosphor [1].
CRT's have good contrast and high brightness due to high energy electrons (20 to 30 keV). At these energies, the efficiency of the phosphors is high, making them have a high luminescent intensity. FED's use lower electron energies, typically less than 10 keV. The phosphors are not as efficient and thus the screen brightness is decreased to undesirable levels [2] . For FED's to achieve the brightness of CRT's, low voltage phosphors need to be more efficient.
Another important factor for information displays is the chromaticity (color coordinates) of the phosphors. The chromaticity coordinates, given by x and y, correspond to a location on the 1931 Commission Internationale de l'Eclairage (CIE) chromaticity diagram [3] , which in turn correspond to a particular visual color. For a display to achieve a wide range colors, or good color gamut, the x and y coordinates of the red, green and blue phosphors ideally need to be saturated. The chromaticity coordinates of the red, green and blue emitting phosphors make a triangle inside the chromaticity diagram. Only those colors that are inside the triangle can be produced by the display [3] . Since FED's use lower energy electrons than CRT's, the chromaticity of efficient low-voltage phosphors are not able to produce the color gamut of a CRT. For FED's to be able to match the colors and brightness produced by CRT displays, the chromaticity and efficiency of low-voltage phosphors need to be improved to be able to meet consumer expectations [2] .
A with an optimum concentration of n = 0.15, improved the light output. Under 1 keV excitation, the luminescent emission intensity was ~ 40% better than a commercial standard [5] . The chromaticity was also found to be independent of the both the electron energies used and the dopant concentration [4] . A typical emission spectra of (Y 1-x Ce x ) 2 SiO 5 is shown in Figure 1(a) . This phosphor has a double emission with peaks at 395 and 423 nm, arising from the splitting of the ground level energy of Ce 3+ [6] . Under electron bombardment, the 4f electron in Ce 3+ is promoted to an excited state in the 5d level, as shown in Figure 1 (b). The spectral energy distribution of this phosphor has a large tail which extends into the red portion of the visual spectrum. Even though this double emission would normally give yttrium silicate a very good saturated blue color, the presence of the tail combined with the blue emission, gives this phosphor an overall blue-white appearance. The presence of this large emission tail (measured from 475 to 650 nm) gives chromaticity coordinates of (Y 1-m Ce m ) 2 SiO 5 of x = 0.161 and y = 0.114 [4] , which are undesirable. Optimally the y value should be smaller. It would be ideal if this phosphor could achieve the chromaticity of the blue TV phosphor ZnS:Ag, which has chromaticity coordinates of x = 0.147 and y = 0.054 [7] . The large emission tail of this phosphor is due to the 5d Õ 4f transitions. These types of transitions typically give a broad band emission [8] . It is not believed that since the 5d level of Ce 3+ becomes split by the crystal field into five different energy levels, that emission arises from all five levels, contributing to the tail. It has been stated that emission can only come from the lowest, 5d 1 level of Ce 3+ when incorporated into a crystal field [9] . Ce 3+ can occupy two sites in the yttrium silicate lattice [6] . It could be possible that the 5d energy levels are different between these two sites, contributing to the tail. This needs to be further investigated.
To improve the chromaticity coordinates, the y coordinate needs to be reduced. If the intensity of the tail could be decreased, the chromaticity will become more desirable. Ho 3+ and Er 3+ ions were chosen as co-dopants because judging from excitation and emission spectra of these dopants in Y 2 O 3 , they could absorb some energy from the tail and re-emit that energy
Experimental Techniques
(Y 1-m-n Ce m Gd n Re q ) 2 SiO 5 (Re = rare earth ion) powders were made using combustion synthesis. Details of this synthesis technique can be found in [4, 5] . Using the optimum concentration of Ce 3+ (m = 0.0075) reported previously in [4] , powders were doped with Ho
3+
and Er 3+ with concentrations of q = 0.005, 0.01, 0.015 and 0.05. After the effects of these elements on the luminescence and on the chromaticity were measured, powders with optimum concentrations of Ce 3+ and Gd 3+ (Y 1-m-n Ce m Gd n Re q ) 2 SiO 5 (n = 0.15) were doped with Ho 3+ and Er 3+ with a concentration of q = 0.005 only. Photoluminescent (PL) and cathodoluminescent (CL) properties of the powders were measured after the as-synthesized powders were annealed at 1350°C for 1 hour. For PL measurements, UV light (λ ex = 358 nm) was used to excite the samples and chromaticity was measured using a hand held radiometer. The emission spectra was measured using a spectrometer. Samples where then analyzed in a ulta-high vacuum (UHV) chamber using low energy electrons with energies of 5 keV, 3 keV, 1 keV and 0.5 keV. The emission spectra again was analyzed with a spectrometer at each energy.
Results

It was found that Er
3+ and Ho 3+ have a noticeable effect on both the brightness and on the emission tail intensity of yttrium silicate when compared with a standard. Figure 2 Figure 3 shows CL emission spectra on powders doped with Ho 3+ ions compared with a standard when excited with 5 keV electrons. As with the photoluminescence, Ho 3+ was again found to decrease the luminescence intensity of this phosphor. The same was also found for Er 3+ and again it was found that the overall luminescence intensity was only slightly more than Ho 3+ containing powders. Upon co-doping with Gd 3+ , known to improve the luminescence of (Y 1-mn Ce m Gd n ) 2 SiO 5 , the luminescence properties were found not to improve (see Figure 3 , dashed curve). Figure 3 . CL emission spectra of (Y 0.9925-n-q Ce 0.075 Gd n Ho q ) 2 SiO 5 at 5 keV excitation.
To analysis the effects of these dopants on the emission tail of this phosphor, the scans of each phosphor at each excitation energy were normalized. This was done for each scan of each powder composition by determining the maximum intensity of a particular composition and dividing the rest of the spectra by that number. Figure 4 shows normalized curves for powders containing Ho 3+ at an excitation energy of 5 keV. While Ho 3+ decreased the overall luminescent intensity of this phosphor, it also noticeably decreased the intensity of the tail as well. Figure 5 shows results from integrating the emission tail from 475 to 650 nm at the various excitation voltages. At low voltages, the effect is small, only showing an ~ 24% decrease in the emission tail intensity. At higher voltages, the effect of decreasing the tails influence is significant, showing an ~ 40% decrease in the tails intensity. Er 3+ showed the tail emission to be decreased more than that of Ho
3+
. With co-doping with Gd 3+ only, the tail was decreased about as much as with co-doping with just Ho 3+ or Er
. It was also found that upon co-doping Er 3+ and Ho
powders with Gd 3+ , the effect on the tail was not as significant as with only doping with Gd 3+ , Ho 3+ , or Er 3+ (see figure 5 ). Kano [10] showed that both Ho 3+ and Er 3+ have sharp line emissions in the green region of the spectrum when doped into Y 2 O 3 . It was shown that the excitation spectrum of Ho 3+ will absorb radiation at between 450 to 470 nm and Er 3+ will absorb radiation from 360 to 410 nm. It is hypothesized that these ions absorb this radiation, which is emitted from Ce 3+ , and is remitted in the tail of yttrium silicate. Since energy is being taken away from the Ce 3+ luminescence by these ions, these ions could lead to a decrease in the tail by only weakly remitting this radiation into the green region of the spectrum. It was found that even though there is some emission around 550 nm, it is only slightly above the emission tail of Ce 3+ . Further study would have to be done in order to confirm this hypothesis. Figure 5 . Integrated intensity of the tail (475 to 650 nm) as a function of voltage for Ho 3+ doped powders.
Conclusions
Co-doping yttrium silicate with Ho 3+ and Er 3+ showed noticeable effects on the luminescence intensity on the long wavelength emission. As the concentration of these elements increased, the luminescence intensity decreased for both PL and CL measurements. Co-doping with Gd 3+ did not help to improve the luminescence intensity or decrease the emission tail. Further investigations into how to improve the chromaticity of this phosphor will be done.
